We report on the design, fabrication and characterization of magnetic nanostructures to create a lattice of magnetic traps with sub-micron period for trapping ultracold atoms. These magnetic nanostructures were fabricated by patterning a Co/Pd multilayered magnetic film grown on a silicon substrate using high precision e-beam lithography and reactive ion etching. The Co/Pd film was chosen for its small grain size and high remanent magnetization and coercivity. The fabricated structures are designed to magnetically trap 87 Rb atoms above the surface of the magnetic film with 1D and 2D (triangular and square) lattice geometries and sub-micron period. Such magnetic lattices can be used for quantum tunneling and quantum simulation experiments, including using geometries and periods that may be inaccessible with optical lattices.
Introduction
The trapping of ultracold atoms in periodic lattices has gained great attention in atomic physics research over the past decade. It has enhanced our understanding in atomic and molecular physics, as well as of condensed matter phenomena such as quantum phase transitions. Nearly all of the experiments in this field have been based on optical lattices [1, 2, 3] , in which the lattice potential is produced by the interference of intersecting laser beams. Such experiments have provided, for example, unprecedented access to studies of low-dimensional quantum gases [4, 5] , the Josephson effect [6, 7] , the Mott insulator to superfluid quantum phase transition [8] and applications in quantum information processing [9, 10] . Particularly exciting applications arise in the context of quantum simulation [11] . However, optical lattices have certain limitations, such as a low degree of design flexibility, difficulty in generating arbitrary trap geometries and restrictions on the lattice spacing imposed by the optical wavelength.
A promising alternative that may overcome some of these limitations involves the use of magnetic lattice potentials [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] , in which patterned perpendicularly magnetized planar films create an array of magnetic microtraps able to trap ultracold atoms. In principle, such magnetic lattices provide robust potentials for manipulating atoms, combined with a high degree of design freedom, allowing arbitrary trap geometries and lattice spacings not restricted to certain fractions of the optical wavelengths. Other promising characteristics are the state selectivity of the traps (only atoms in weak-field seeking states remain trapped allowing manipulation using radiofrequency fields) and the possibility to incorporate other on-chip manipulation and detection devices. The realization of arbitrary lattice patterns with sub-micron period would allow tunneling between the traps, ultimately enabling the study of exotic condensed matter phenomena in nontrivial geometries, such as triangular, hexagonal, kagome, and superlattices, including honeycomb lattices. However, The measured average grain size is around 10 nm. Inset: Magnetic force microscope (MFM) image shows a Co/Pd multilayer in the demagnetized state revealing large magnetic domains with magnetization pointing up or down perpendicular to the film plane due to the strong PMA of this material.
despite these potential benefits of magnetic lattices, no magnetic lattices with sub-micron period have been implemented to date. This paper describes the design, fabrication and characterization of sub-micron period one-dimensional (1D) and two-dimensional (2D) lattices of magnetic Ioffe-Pritchard microtraps for ultracold neutral atoms. The microtraps are produced near the surface of a patterned Co/Pd film with perpendicular magnetization. The magnetic lattices described here are a 1D lattice and two 2D lattices with square and triangular geometries with a period of a = 0.7 µm. Scaling down the lattice period will increase the energy scales in the Hubbard model [8] used to describe quantum gases in optical lattices. The recoil energy, E R = (πh) 2 /2ma 2 where m is the atom mass, is used as a natural unit for these energy scales. Due to this dependence on the lattice period a the tunneling rate J and the on-site interaction U can be scaled with the period of the lattice [3] , becoming large for sub-micron period lattices. In our case with a period of 0.7 µm and with a barrier height V 0 ∼ 12E R or 6E R , the critical tunneling rate is estimated to be J C ∼ 17 Hz or 76 Hz [23] .
Co/Pd magnetic films
Recently, magnetic thin films, including multilayered systems, have been studied largely because of their interesting magnetic properties and possible applications for practical devices. In particular, studies of Co/Pd and Co/Pt [24, 25, 26, 27, 28, 29, 30, 31, 32] systems have been performed extensively because they exhibit perpendicular magnetic anisotropy (PMA), small grain size and large Kerr rotation at short wavelengths, which makes them promising candidates for ultra-high density magnetic recording media [33] and also for atom optics research [34] . We have chosen Co/Pd multilayer films for fabrication of our magnetic sub-micron structures to trap ultracold atoms because of its high degree of homogeneity, high saturation magnetization and small grain size.
A strong PMA is necessary so that all the magnetic domains are aligned to give smooth and well defined magnetic potentials to trap the atoms on a sub-micron scale. At the same time, a high PMA leads to large coercivities necessary to withstand the external magnetic fields that are applied during the magnetic trapping of the atoms. In these multilayer films the large PMA is related to the reduced symmetry at the interface between the magnetic Co and the non-magnetic Pd layers. The magnetic film consists of a set of bi-layers of Co/Pd, deposited on a 330 µm-thick silicon substrate, as shown in figure 1 . This bi-layered film is set on a layer of 3 nm-thick Pd to provide a good (111) texture to start the deposition of the magnetic layers, leading to an improvement of the crystallographic orientation of the layers and to an improvement of the PMA. The number of bilayers and the thickness of the layers were chosen to have high saturation magnetization and a large PMA; in this case we chose 8 bi-layers of alternating Co (0.28 nm) and Pd (0.9 nm). The Co/Pd multilayers were dc magnetron sputter-deposited at room temperature. The Ar pressure was adjusted to 3.5 × 10 −3 mbar for all depositions, while the base pressure of the deposition chamber was 1.0 × 10 −8 mbar. The measured coercivity for this film is H c = 1.0 kOe (see figure 2a) , and the saturation magnetization for 8 bi-layers of Co/Pd is 4πM s = 5.9 kG. One can increase the saturation magnetization by increasing the number of bi-layers but the PMA becomes less pronounced [35] or may even vanish when using many layers. Finally, a layer of 1.1 nm of Pd is deposited on top of the stack to provide protection against oxidation (figure 1).
The Co/Pd films can have a grain size down to about 6 nm [36] and can produce high resolution magnetic structures necessary to prepare high quality 1D and 2D magnetic lattices with periods down to about 0.7 µm with smooth potentials. The grain size of the film was measured by scanning electron microscopy (SEM) (see figure 2b) ; the size of individual grains of Co/Pd within our samples is typically 10 nm. This small grain size currently sets the limit for the dimension of the smallest features we can etch.
Patterning
Sub-micron magnetic structures can be produced by different microfabrication techniques. These methods range from magneto-optical recording using a focused laser beam [37, 34, 38] , recording on a hard-disk head [34, 16] , use of grooved substrates plus uniform film coating [39, 40, 41, 22] , femtosecond laser ablation [42] and optical or e-beam lithography (EBL) followed by reactive ion etching (RIE) [43, 15, 18] . We chose EBL and RIE since they provide high resolution and high versatility, arbitrary magnetization patterns are possible, and they can be used to produce the required sub-micron scales.
EBL was used to write the desired patterns onto the Co/Pd film. EBL is a maskless direct write method in which a beam of electrons is focused to expose required patterns on an electron-sensitive resist used as a mask for subsequent etching. The main advantage of EBL is that it can fabricate customized patterns with nanometer resolution; our EBL has 10 nm resolution sufficient for our patterns. The lithographic process was performed in the nano-fabrication facility at Swinburne University of Technology. The lithography procedure is illustrated in figure 3 . First, a 300 nm-thick film of PMMA, a positive electron-sensitive resist is spin coated onto the Co/Pd film. Then a focused electron beam is driven by a high speed patterning generator on the mask with the desired design. After exposure of the resist layer to the electron beam this is developed and the exposed resist is removed. After that the magnetic film is plasma-etched by RIE with argon. This is a dry etching technique with good properties for high resolution patterning, no resist adhesion problems and high anisotropic etch profile [44] . In the final stage the remaining resist is removed by wet etching, using acetone. After the patterning process a metallic reflecting layer of 50 nm thickness is deposited over the surface; this layer is necessary for creating a mirror-MOT. Finally, a layer of silica (25 nm) is deposited to prevent rubidium atoms from sticking to the metallic surface.
Results for 1D structures 4.1 Trapping parameters
A 1D lattice potential of magnetic microtraps can be created by a periodic array of long, parallel rectangular magnets with out-of-plane magnetization in the presence of suitable bias magnetic fields [12, 13, 16, 17] . By superimposing on this potential homogeneous in-plane bias fields in the parallel and perpendicular direction, one can control most of the important parameters related to the atom trapping, such as the distance at which the trap minima are generated from the surface, the trap frequencies and the bias field necessary to have non-zero potential minima at the bottom of the traps to avoid spinflips. For an infinite 1D lattice periodic in the y direction contained in the xy plane and for distances from the surface large compared with a/2π (where a is the lattice period), the trapping magnetic fields can be expressed as [41] [B x , B y ,
where k = 2π/a, B 0 = 4M z (e kt − 1) (Gaussian units), t is the magnetic film thickness, M z is the magnetization and B bx , B by are the bias magnetic fields in the x and y directions. From this equation one can calculate the relevant magnitudes of the trapping potential as a function of the bias fields. The distance to the surface of the minima is
The barrier heights are
The Ioffe field at the bottom of the minima is B IP =|B bx |. The trapping potential is produced by the magnetic dipole interaction, which if the atom adiabatically follows the trapping potential can be expressed as U(x, y, z) = m F g F µ B B. Only atoms in weak-field seeking states can be trapped in a local minimum of the magnetic field, and in order to minimize three-body losses that limit the lifetime of the atoms in the tight microtraps, for 87 Rb we choose the weak-field seeking state |F = 1, m F = −1 . Then the radial trap frequency associated with a harmonic potential in elongated traps can be expressed as
From this equation we can estimate some characteristics of the trapping potential associated with our magnetic film patterned as a 1D array with a period 0.7 µm. The magnetic film has 4πM z = 5.9 kG and the total magnetic thickness is t = 2.24 nm. One can create a set of microtraps with z min = 280 nm, where the required bias field is B by = 3 G. To avoid Majorana spin-flips the bottom of the trap needs to be raised from zero; if the bottom of the trap is set to B IP = 1 G, the barrier heights are ∆B y = 5.1 G and ∆B z = 2.2 G. For 87 Rb atoms in the |F = 1, m = −1 state, these barrier heights translate into trap depths of 171 µK and 73 µK, respectively, which are sufficient to trap atoms pre-cooled to 10-15 µK. The trap frequencies in this case are ω y /2π ≈ ω z /2π ≈ 100 kHz.
Atom surface interactions can limit the lifetime of the atom clouds at distances from the surface of the order of a hundred nanometers. Previous experimental studies show short lifetimes at distances of about 1 µm [45, 46] . The main reasons for this limit are the van der Waals forces and Johnson noise. In the first case the attractive van der Waals force between the atoms and the surface can shift and alter the magnetic potential so that it is no longer trapping, as happens with the gravity potential if the trap is not tight enough. To compare both forces one can define a critical trap frequency [21] at which the trapping potential begins to fold due to the van der Waals forces. If the interacting surface is the final reflecting layer and using the previous settings of the potential we can calculate the critical trap frequency, ω crit /2π = 44 kHz. This frequency value is below the trapping frequency, from which we conclude that the stiffness of the magnetic potential is sufficiently large to compensate the van der Waals force.
Johnson noise comes about because a conducting surface can have random thermal currents flowing in-plane; these currents are a source of magnetic field noise which can induce spin flips and hence loss of atoms from a magnetic trap [47, 48, 45, 46, 49, 50] . For thin conducting films such that the film thickness t << z min << δ , where δ = 2ρ/(µ 0 ω L ) is the skin depth (typically 50-100 µm) at the spin-flip transition frequency ω L , the thermal spin-flip transition rate can be written [46, 50] 
where [46] , ρ is the resistivity of the conducting film (2.22 × 10 −8 Ωm for gold), µ 0 is the vacuum permeability, ω L = g F µ B B IP /h is the Larmor frequency, g F is the Lande g-factor, g S ≈ 2 is the electron spin g-factor and µ B is the Bohr magneton. Thus for t << z min << δ the spin-flip lifetime τ = Γ
−1
Fm scales approximately as z 2 min ρ/t, which is independent of the ω L and hence the trap bottom B IP . For 87 Rb atoms trapped in the |F = 1, m = −1 state, atom loss is assumed to occur via the |F = 1, m = −1 → |F = 1, m = 0 transition, for which C 2 1,−1 = 1/8. For a gold reflecting film and t = 0.05 µm, z min = 0.28 µm, T = 300 K, we obtain a thermal spin-flip lifetime τ Au ≈ 180 ms which is long compared with the estimated tunneling times of 60 ms and 13 ms for a 0.7 µm-period lattice with barrier heights V 0 ∼ 12E R (20 mG) and 6E R (10 mG), respectively. The spinflip lifetime could be increased if required by using a reflecting film with higher resistivity, such as palladium (ρ Pd = 1.05 × 10 −7 Ωm), for which the spin-flip lifetime becomes τ Pd ≈ 870 ms. 
Fabrication results
To obtain these 1D structures a square region of dimension 0.8×0.8 mm 2 of the magnetic film was etched following the method described in figure 3 . The resulting film was examined with an SEM (figures 4a and 4b) to check the quality of the surface and the period of the grooved structures. A magnetic force microscope (MFM) scan over the magnetized sample was carried out to map the magnetic field over the structures (figure 5a) This scan is made in the so-called dynamic MFM mode (AC) to increase the signal to noise. However, the resulting magnitude does not give us directly the magnetic field over the surface. The AC MFM mode provides a measure of the difference of the phase of the oscillating cantilever-sample system. The tip oscillates at its resonant frequency with a small amplitude in the vertical z direction. To lowest order the magnetic force causes a phase shift and a shift in the resonant frequency [51, 52] ∆φ ≈ Q k
where Q is the cantilever quality factor, f n is the natural resonant frequency of the cantilever tip and k is the spring constant. Thus the MFM signal is primarily sensitive to the second spatial derivative of the z component of the magnetic field. If we use the magnetic field from equation 1, the MFM signal is just proportional to the magnetic field, an oscillating signal in the y direction with the period of the structures and an amplitude decay length of k −1 = a/2π. A way to check the quality of the magnetic lattice across the sample is to determine the dependence of the amplitude of this oscillating MFM signal on the distance of the MFM tip from the etched magnetic film. From the oscillating profile of the MFM (figure 5b inset, taken at a tip-surface distance of 50 nm), we measure a period of a osc = 651 ± 3 nm, and from the fitted decay length (figure 5b) we obtain a decay = 662 ± 11 nm, where the uncertainties come from the residuals of the fits. These values are close to the result from the SEM analysis (figure 4b) confirming the quality of the periodicity of the structure. Some of the difference between the two measurements comes from the calibration of the spatial dimensions in the MFM apparatus or from high harmonic terms that we have neglected in this analysis [53] .
Results for 2D structures
The fabrication of magnetic structures to create two-dimensional complex magnetic lattices with sub-micron period for trapping ultracold atoms is the main goal of the present work. Until now 2D lattices with square, triangular, kagome or honeycomb geometries have been created with optical lattices [54, 55, 56, 57] , as well as square and triangular lattice geometries for permanent magnetic films [18, 58] but with periods of 10 µm or greater. We have fabricated two magnetic planar structures able to create magnetic potentials with square and triangular symmetries and sub-micron period. In principle, a planar structure etched in a magnetic film can create arbitrary potentials above the surface [59] . To design the magnetic structures related to the desired potentials we have employed an optimization algorithm proposed by Schmied et al. [59] . The code automatically generates a planar binary distribution of magnetization patterns with magnetization out of plane, in order to produce the desired lattice symmetries with specified trap parameters. This method makes possible the design of the desired geometries, which would be extremely difficult to obtain using manual methods. The optimization algorithm itself exports a binary image which encodes the magnetic versus non-magnetic regions within one unit cell, so that the generated pattern has pixels with either zero or maximal magnetization. Once a magnetic lattice unit cell has been designed it is necessary to export it in a format for lithographic patterning; then the lithographic software will tile the unit cell to produce the entire lattice. The fabrication process at this point is straightforward due to the binary nature of the pattern generated, by etching away the pixels with zero magnetization.
Our simulations indicate that for a square magnetic lattice produced by a patterned Co/Pd film with 4πM z = 5.9 kG and t = 2.24 nm, bias fields of B bx = 1. The resulting etched structures for these geometries are shown in figure 6a and 6b. The measured etch depth is around 10 nm, so that we can be certain that all of the magnetic film is removed in the desired non-magnetic zones for a good reproduction of the binary pattern. From the SEM images we observe good agreement with the designed pattern, and from a far field of view the unit cell is well reproduced for large areas > 100 × 100 µm 2 . Some stitching errors appear in the pattern due to the limited area of patterning of the EBL. An effective working area of 100 µm 2 is satisfactory for our purpose, since this corresponds to more than 10 4 lattice sites in a 0.7 µm-period lattice.
We have performed calculations of the magnetic field produced by the optimized square lattice, and in particular for the second derivative of the field for comparison with the MFM data [53] . Figure 7 shows the surface topology and calculated field for the optimized square lattice. The calculated second derivative is in qualitative agreement with the MFM measurements of the lithographically patterned Co/Pd multilayer. In the MFM data there are several sharper (nearly) horizontal lines within the magnetic islands that are not reproduced by the simulations. This feature could be explained by the formation of magnetic domains near the boundaries of the structure, or by redeposition of material at one edge during etching. Presently, we cannot rule out artifacts introduced by the MFM when the surface topology changes due to residual photoresist on the surface.
Summary
We have fabricated and characterized magnetic structures to create a lattice of magnetic microtraps for ultracold atoms with a period of 0.7 µm. We fabricated one 1D lattice and two 2D lattices with square and triangular translational geometries. To create the structures we have patterned a Co/Pd magnetic multilayered thin film with electron-beam lithography and reactive ion etching. We have shown that Co/Pd multilayered films have a small grain size and high remanent magnetiza- tion and coercivity making them an ideal material to create sub-micron magnetic structures. The scanning electron microscope images displayed the required patterning quality and magnetic force microscope measurements confirm that the structures have the right magnetic potentials to trap ultracold atoms in the diverse lattice geometries. New developments in 3D electron beam and ion beam technologies free from stitching errors may allow us to combine resolution of tens-of-nm with areas having sub-cm cross-sections. These small periods give access to high energy scales in the Hubbard model and to tight traps with high frequencies for rubidium atoms. This makes them a promising tool for studies of one-dimensional quantum gases, quantum simulation and quantum information processing. The method demonstrated in this paper offers a great degree of freedom to design and create different magnetic potentials to trap ultracold atoms close to surfaces. Geometries that are difficult to generate with other methods, such as triangular, hexagonal, kagome, and superlattices, may provide a better understanding of the underlying physics of novel materials such as graphene [60, 54, 55] , a remarkable material that has great technological potential and is currently the subject of intense interest.
